. In the experimental data of Fig. 1 , horse Mb-CO is photolyzed with a nanosecond laser and the survival probability of the deligated heme is followed by transient absorption over many decades in time. Eventually, all hemes rebind the CO and the signal vanishes. The time course of this process is highly nonexponential.
INTRODUCTION
Ligand binding to myoglobin (Mb) is a model biophysical reaction, extensively studied over a large range of times and temperatures (Austin et al., 1975; Doster et al., 1982 Doster et al., , 1989 Doster et al., , 1990 Ansari et al., 1985 Ansari et al., , 1987 Ansari et al., , 1992 Ormos et al., 1990; Steinbach et al., 1991; Young et al., 1991; Campbell et al., 1987; Petrich et al., 1991; Gibson et al., 1992; Srajer et al., 1991; Tian et al., 1992; Hong et al., 1991; Post et al., 1993) . In the experimental data of Fig. 1 , horse Mb-CO is photolyzed with a nanosecond laser and the survival probability of the deligated heme is followed by transient absorption over many decades in time. Eventually, all hemes rebind the CO and the signal vanishes. The time course of this process is highly nonexponential.
At low temperatures the decay curves are smooth and close to a straight line on a log-log scale. Austin and coworkers (Austin et al., 1975) explained this near power-law behavior as arising from a static distribution of protein conformations. Double pulse experiments (Austin et al., 1975) , showed that at 70K the behavior is independent of the number of photolyzing pulses. This implies that at low temperatures the protein structure is inhomogeneous, each molecule possessing a different tertiary structure and ligand binding rate coefficient. In contrast, at room temperature rebinding is singleexponential suggesting a homogeneous ensemble where all hemes have the same average rebinding rate. The question therefore arises: How does the transition from inhomogeneous to homogeneous kinetics take place? We investigate this problem by studying the reaction at intermediate temperatures, expecting to observe inhomogeneous kinetics at short times and homogeneous kinetics at long times, after conformational interconversion takes place.
Focusing on the temperature regime of 150-210K, one notes the emergence of structure in the rebinding curves in the form of"kinks" and "bends." In addition, rebinding slows down with increasing temperature. For example, at 200K the reaction is already slower than at 190K. This has first been interpreted (Austin et al., 1975; Doster et al., 1982) by sequential kinetics of ligand escape from the heme pocket. It was later pointed out (Agmon and Hopfield, 1983 ) that the minimal description incorporating both ligand and conformational state is in terms of a two-dimensional surface such as shown in Fig. 2 . When it is adjusted to fit the inhomogeneous kinetics below 150K, one finds that the protein conformation of a newly photodissociated heme is out of equilibrium. While the frozen heme protein cannot readjust, at higher temperatures one expects protein relaxation to stabilize the unbound state. As a result ligand rebinding should slow down.
Such an autocatalytic, "self-trapping" effect has been suggested for hemoglobin kinetics (Scott and Friedman, 1984; Friedman, 1985) , in which the Raman frequency of the ironhistidine stretch decreases with time, indicating that tertiary relaxation diminishes the ligand affinity of the heme. Faster and more accurate measurements of sperm-whale (SW) MbCO kinetics above the solvent's glass transition temperature (ca. 185K) indicate an increase of over 10 kJ/mol in the effective barrier for rebinding (Steinbach et al., 1991; Tian et al., 1992) . Horse MbCO shows similar kinetics to that of SW MbCO for T < 150K, but exhibits more structure in the decay curves at higher temperatures (Doster et al., 1989 (Doster et al., , 1990 ; Post et al., 1993) . If this structure is indeed related to protein relaxation, the horse-Mb system should be a good candidate for probing the relaxation process.
It is important to search for independent measures of protein relaxation. A distinctive spectral feature of deoxy hemes is their weak near-IR (760 nm) band, which blue shifts following photodissociation. Since this band is assigned to ironporphyrin charge transfer (Eaton and Hofrichter, 1981) , it is sensitive to the out of plane location of the iron. At low temperatures it is plausible to expect inhomogeneous lineshape broadening by a protein-induced distribution of iron distances. The fast binding conformations disappear first from the spectrum, leading to spectral shifts which are due to "kinetic hole burning" rather than to relaxation Agmon, 1988) . By mapping spectral inhomogeneities into barrier heights one concludes that the barrier height increases by about 12 kJ/mol between low and high temperatures (Steinbach et al., 1991) .
Our results are based on a recent analysis of the nonexponential phase in two-dimensional (2d) diffusional dynamics (Agmon and Rabinovich, 1992; Rabinovich and Agmon, 1993) . The conclusion from our theoretical treatment is that the logarithmic derivative of the survival probability (the "beta function," B(t)), should show a maximum and a minimum, displaced by about two logarithmic units. These are the "kinks" and "bends" in the decay curves above 160K (Fig. 1) . Within this "relaxation footprint," the maximum signals the "onset" of protein relaxation, while the minimum represents its "termination." Using multipulse experiments, we show that these times correspond to the end of the inhomogeneous and the beginning of the homogeneous phases in MbCO kinetics, respectively. Thus the transition from inhomogeneous to homogeneous kinetics is due to protein relaxation. In a complex system such as a protein, description of a chemical reaction in terms of a single coordinate may be inadequate. The distributed low-temperature kinetics indicate that different protein conformations react with different rates (Austin et al., 1975) . It is thus logical to introduce an explicit "protein coordinate" for representing the conformational variable. We consider (Agmon and Hopfield, 1983 ) the geminate CO-Mb binding reaction occurring on a 2d potential surface, U(x, y). Comparison with experiment will indicate if and when it should be extended by adding more degrees of freedom (Srajer et al., 1988) . In Fig. 2 The protein coordinate, y, could modulate heme reactivity in several ways for example, by coupling to the iron outof-plane distance via the proximal histidine link. In the deoxy state, the Fe is displaced some 1/4-1/2 A toward the proximal side of the porphyrin ring plane (Perutz et al., 1987) . In the spirit of the Hammond postulate and Bronsted correlation (Hammond, 1955; Agmon, 1981) (Austin et al., 1975) and thus to the low temperature, nonexponential kinetics. The potential in Fig. 2 has been adjusted (Agmon and Hopfield, 1983) to reproduce SW MbCO kinetics for T = 40-140K.
Above 150K, the protein starts to fluctuate during experimentally accessible times. Since the initial distribution is displaced away from the most stable deoxy conformation, one expects relaxation in y during which the deoxy state is stabilized and recombination becomes less probable. The motion of both ligand and protein is stochastic and may thus be described by diffusive dynamics on a potential energy surface (Agmon and Rabinovich, 1992) . The diffusive motion of the ligand arises from collisions with fluctuating protein moieties (Gibson et al., 1992) , just as the diffusion of a molecule in solution is propelled by the random forces exerted on it by collisions with solvent molecules (Chandrasekhar, 1943) . At low temperatures, the protein is "frozen" hence the motion of the entrapped ligand may resemble more closely "ballistic" motion (Agmon and Hopfield, 1983 The relaxation footprint
The effect of diffusion anisotropy on multidimensional barrier crossing has been the subject of intensive theoretical research (Klosek-Dygas et al., 1989; Zitserman, 1990, 1991; Agmon and Kosloff, 1987; Agmon and Rabinovich, 1991; Rabinovich and Agmon, 1991) , mostly focused on the long-time exponential decay. Only recently has the intermediate-time, nonexponential behavior been analyzed (Agmon and Rabinovich, 1992; Rabinovich and Agmon, 1993 (Agmon and Hopfield, 1983; Berezhkovskii and Zitserman, 1990; Rabinovich and Agmon, 1991) ap (y, t) at
From the transient distribution of protein conformations, p(y, t), one may calculate the survival probability of the deligated heme, S(t) f p(y, t) dy. In the limit of a frozen protein, DY = 0, Eq. 1 reduces to first order rate equations for each conformation, dp(y, t)/dt = -k(y)p(y, t). This describes the evolution of a noninterconverting conformational distribution.
When DY > 0 a first-order rate equation holds for the survival probability rather than for the probability density itself (Agmon and Rabinovich, 1992; Rabinovich and Agmon, 1993) . Therefore S(t) = exp( ft~k), dt') only that the rate coefficient is time-dependent, (k),-f k(y) p(y, t) dy/S(t). The time dependence of (k), is due to evolution ofp(y, t).
It may be classified into two distinct physical mechanisms: * "Kinetic hole burning" in a static, nonrelaxing distribution from which the fast-reacting conformations disappear first Agmon, 1988; Steinbach et al., 1991) . This occurs in the -q -> 0 limit in which Eq. 2 reduces to the familiar expression S(t) = (exp(-k(y)t))0. (Steinbach et al., 1991) which postulates two independent coordinates, one which determines the shape of the distribution and other determines its shift. One expects that the variation in (y), due to high temperature relaxation is considerably larger than that due to kinetic hole burning. To a first approximation, one may neglect the width of the initial conformational distribution in discussing relaxation effects.
Equation 2 can be used to characterize intermediate-time
power-law regimes: When S(t) = A/t, the power a is given by a = -d ln Sid ln t. Therefore we define a "power-law regime" as a region where the logarithmic derivative of the survival probability,
is constant. Such regions are centered at extrema of this "beta-function," B(t). These extrema may result from the "onset" or "termination" of the relaxation process. For a qualitative understanding of the effect, it suffices to consider a single initial conformation y0 for example, that at the peak of the low temperature inhomogeneous conformational distribution. Prior to the "onset" ofy relaxation (k), = k(yo). The rebinding rate coefficient for a fixed conformation, y0, is time-independent. Hence at short times B(t) is linear in t and S(t) decays exponentially. After the "termination" of relaxation (k), = (k)x, so that B(t) once again grows linearly with time, but with the smaller slope (k).. This follows because from the bottom of the deoxy Mb well there is a higher climb to the ridgeline separating reactants from products (Fig. 2) .
Two conceivable interpolations between the linear asymptotic behaviors of B(t) are: (i) Monotonic increase or (ii) through a maximum and a minimum. The second case occurs when energetic stabilization by protein relaxation is sufficiently large, as we shall prove below. Thus either zero or two power-law phases are predicted, corresponding to the maximum and minimum in B(t). This characteristic shape of the beta-function is the "footprint" that the relaxation process leaves on the time dependence of the binding process.
Imagine that, rather than protein relaxation "perpendicular to the reaction coordinate" (Agmon and Hopfield, 1983) , two consecutive kinetic steps take place along the reaction coordinate. The first may be geminate rebinding, which is distributed at low temperatures, and the second ligand escape from the heme pocket (Austin et al., 1975) . Depending on the values of the rate parameters, such a kinetic scheme may also give rise to either type of behavior. Since at low temperatures only the geminate step is observed, it is impossible in the consecutive mechanism to predict the shape of the betafunction based on low temperature data alone. In contrast, in a 2d geminate model the shape of the potential surface, which is obtained from the low T data, determines the behavior of B(t) as demonstrated below.
Simple analytical expressions
We now apply simple approximations to obtain a criterion for the existence and location of the extrema in B(t), characterizing the onset and termination of the relaxation process. The approximations make use of the relatively simple form of the potential surface in Fig. 2 (Agmon and Hopfield, 1983) . For this potential, the protein mode is harmonic: In the bound state U(0, y) = f(y -yeq)2/2, while in the unbound state U(oo, y) = fy2/2. Subsequently, it can be shown that the rebinding rate coefficient is approximately exponential k(y) = ko exp(ay), a = fyeq/(3kBT)9 (5) where ko is a y-independent (but T-dependent) preexponential factor. If, rather than the Arrhenius expression (Agmon and Hopfield, 1983) , the ld Kramers formula is used for ko0 it becomes proportional to DX and acquires some y dependence. This, however, may be neglected in relation to the y dependence in the exponent.
The results below do not depend on the value of ko.
Next, consider an approximation for the time course of the average protein conformation. Since the protein mode is harmonic, in the absence of reaction it relaxes exponentially (Chandrasekhar, 1943) (Y)T = yO exp(-T), T kret, krel = DYflkBT. (6) The initial protein conformation, y0, is typically the most probable conformation of the equilibrated bound state (namely, y0 = Yeq). The above relations suggest the use of the approximation
in which the order of averaging has been interchanged (Agmon and Rabinovich, 1992) . With its aid, we impose the necessary condition for an extremum
where a prime denotes differentiation with respect to the The prediction from Eq. 9 is compared in Fig. 3 against exact numerical solutions of Eq. 1 for two hypothetical MbCO potentials, one with ayeq > e and the other with ayeq < e. In the first case B(t) indeed has two extrema (bold curve) while in the second case (thin curve) it has none. The dotted vertical lines show how well the solutions to Eq. 9 determine the locations of the calculated extrema.
Equation 9 enables us to identify quantities which depend on AU (through Tmas and smin) but not on krel. SinceT kreit, the ratio of the two characteristic times is tmin/tmax = Tmin/Trmax.
Denoting the characteristic powers by amax B(tma,) and amin B(tmin) their ratio amin/amax = (Tmin/Tmax) exp(1/Tmin 1/Tmax), (12) is again independent of the protein relaxation rate for qr < 1. The dimensionless times, Tmim and Tmax, are determined for a given protein once and for all by fitting the low temperature kinetics. At higher temperatures, we expect to see a "relaxation footprint" involving a maximum and a minimum in B(t). Equations 11 and 12 imply that, whenever the ligand motion is faster than that of the protein, the ratios of both peak positions and heights are universal constants. Below, (Agmon and Hopfield (1983) , Table I ), except that the protein force-constant is either f = 10 or f = 1 kcal/(mol * au2). These values correspond to layo = 0.9 (bold curve) and 9 (thin curve), respectively. For 1ayo = 0.9, two extrema are predicted from the solution of Eq. 9 as demonstrated in the upper panel.
we compare tmin/tmax with quantitative measurements. For a min/ama one cannot hope to achieve the same level of agreement, because of the sensitive dependence on the exponential factor.
A parameterized data fit
The analysis presented above may look somewhat abstract to people used to a parameterized fit of experimental data. In order to obtain a quantitative fit using a 2d potential surface one requires the temperature dependence of the protein relaxation rate, krei(T). In addition, the surface may have to be fine-tuned to improve the agreement at higher temperatures. Such a quantitative comparison has not yet been performed. However, simpler parameterized fits of the data in the intermediate temperature range have been obtained using either an inhomogeneous (Steinbach et al., 1991) or a homogeneous (Post et al., 1993 ) model for protein relaxation.
In the homogeneous model, as in our 2d picture, relaxation and conformational mixing occur simultaneously. The rebinding kinetics is assumed to be governed by a timedependent rate coefficient, k(t), in which the activation enthalpy, Ht(t), increases due to protein relaxation (Post et al., 1993) , In this process, the activation enthalpy relaxes from an initial value Ht to a final value "I in a stretched-exponential fashion. Ait -Ht -Ht is the relaxational activation enthalpy shift. In the parameterization approach, only the Arrhenius pre-exponent, A, and the activation enthalpy (Ht) distribution, are known from fitting the low temperature kinetics.
Thus not only krel(T) need be fitted to the experimental data at each temperature, but also 13(T) and HJ(T).
The survival probability is given by an expression similar (8-bit resolution) . From 1.2 ,us to 300 s, a homebuilt recorder, operating on a logarithmic time base, averaged and stored the digitized data (12-bit resolution). These systems allow the recording of absorption changes over 10 decades in time with a dynamic range of 3.5 decades. In the double pulse experiments, a second Marx-Bank with a variable quartz-stabilized delay time (typically 100 ,us) opened the Pockels cell for the second flash. The repetition time used (At = 0.1 s) was that of the laser flash lamp. The baseline was averaged over 3 ms before the first shot. 1-256 shots were averaged in each measurement, depending on temperature.
Single pulse determination of the beta-function
The normalized absorption change for horse-MbCO is reported as the survival probability in Fig. 1 a. The data was fitted on the log-log scale to an eighth order polynomial which was differentiated analytically to yield B(t), Fig. 1 b. For all temperatures in the transition region (T = 150-210K), B(t) shows the characteristic shape involving a maximum and minimum which we would like to identify as the "relaxation footprint."
To understand why this feature should not be confused with the solvent process, it is helpful to recall the peculiarities of horse Mb kinetics as compared with the traditional spermwhale (SW) sample. The horse sample clearly shows two sets of maxima/minima in B(t). Below 200K only the first set is seen, Fig. 1 b. This set is either absent or else appears as a slight change in slope of the beta-function of SW-MbCO (Post et al., 1993, Fig. 10 ). The difficulty of observing this feature in SW-MbCO, which in the past has been the Mb sample to study, is partly responsible for problems in identifying the Agmon-Hopfield relaxation in Mb.
The onset of the solvent process is signalled by the second set of maxima/minima in B(t). In Fig. 1 b, the second maximum is seen only at 210K (around 10 ms), but is evident at all temperatures above 210K (see "Protein relaxation at higher temperatures" below). We suggest three arguments to justify its assignment as the onset of the solvent process. First, dependence on solvated CO concentration begins only after the second minimum in B(t). The first set is [CO] independent and hence geminal. Second, the location of the second maximum in B(t) of horse-MbCO agrees nicely with the onset of the solvent process previously observed in SW-MbCO (Steinbach et al., 1991) . Finally, we have recently found (Leyser et al., manuscript in preparation) that the first set of extrema in B(t) is independent of solvent viscosity, while the extremal times of the second set do scale with external viscosity.
In contrast to the difficulty in observing the "relaxation footprint" in SW-MbCO, the low T kinetics in both samples are quite similar. Hence one may discuss the geminate phase using the SW-MbCO parameters (Agmon and Hopfield, 1983, Table I ). At 185K one obtains ayeq = 15, which is appreciably larger than e. We therefore expect to find two solutions to Eq. 9 namely, type (ii) behavior. This is indeed observed experimentally in the horse-MbCO data of Fig. 1 b. More quantitatively, Eq. 9 gives rTm. = 0.07 and Tmi = 4.1, thus log(tmjint..) 1.8. In the data of Fig. 1 b, a value around 2 is indeed typical for the temporal extent of the "relaxation footprint." Given that the measurements span more than 8 orders of magnitude this sort of agreement, obtained from the potential surface without readjusting any parameter, lends support to the protein relaxation picture.
Furthermore, we may use the parameterized data fit (Post et al., 1993) to compare with the predictions from the 2d surface (Agmon and Hopfield, 1983 al., 1988) , the enthalpy shift of 18 kJ/mol is in reasonable agreement with the value obtained from the 2d surface, Ut = kBTaYeq = =fr2/3 = 23.5 kJ/mol. If recombination from the relaxed protein at 200K proceeds via the saddle point rather than along straight lines of constant y (as at short times and low temperatures), this value decreases to 22 kJ/mol (Agmon and Hopfield, 1983, number of pulses, n. At low T this is the case for all times. At higher temperatures, we expect inhomogeneous behavior only at short times. Fig. 4 presents multipulse data at two temperatures in the intermediate T regime. Panels a and c show the survival probabilities while panels b and d show their logarithmic derivatives. From the upper panels we infer that the kinetics is inhomogeneous up to the time when the curves start to diverge, ta,,m. If the end of the inhomogeneous phase is due to protein relaxation and protein relaxation begins at tmow one expects that tinhom tma. This is verified by the results shown in Fig. 4 . Thus a likely explanation for "pumping" (Powers et al., 1987; Ansari et al., 1987) is partial relaxation along the protein coordinate.
Both characteristic times depend only weakly on the number of applied pulses: For large n values, tm: is somewhat shorter but so is timom (dashed line, panels c and d). In addition, both times depend only weakly on the interpulse separation, At, as long as At > ta. When At < t,[, the protein does not start relaxing and the whole time course after a second pulse is identical to that after the first pulse (Post et al., 1993) .
The agreement between two independent experimental observables namely, the maximal slope of a single pulse decay curve and the divergence point in multipulse measurements, helps establish tmax as signaling the onset of protein relaxation. The multipulse homogeneity test
In the opposite limit of homogeneous kinetics all the protein molecules are identical on the average, so that the rebound fraction behaves like the whole ensemble. Denoting the survival probability after the nth pulse by S(n)(t), we expect that (Post et al., 1993) S(2)(t) = S(1)(t + At) + [1-S~')(At)]S~1)(t)
This differs from the inhomogeneous case where S(2)(t) = S(l)(t). Whenever Eq. 15 holds, we will conclude that the protein behaves homogeneously for t > At. For At = 0.1 s it was shown (Post et al., 1993 ) that the multipulse data obeys Eq. 15 at 185K but not at 145K, suggesting that transition to homogeneity occurs in the range T = 145-185K. We have extended these measurements to additional temperatures in order to locate the transition temperature more precisely. Fig. 5 shows that at 160K the homogeneity test still holds while it breaks down at 150K. If the minimum in B(t) signals the "termination" of the relaxation process, we expect to see homogeneous behavior whenever At > tmin. At (Ansari et al., 1987, Fig. 16) (Fig. 1) . We interpret the enhanced B state decay as reflecting the relaxational process. To a first approximation, both effects occur on a similar time scale: For T = 200-220K, we determine the "onset" of relaxation as tmx = 2-6 is, while the enhanced B-state decay begins at about tB = 0.5 ,us (Hong et al., 1991, Fig. 1 d) .
From the point of relaxational models (Agmon and Hopfield, 1983; Steinbach et al., 1991) the excess kinetics of the B-state is surprising: The relaxation of the heme group alone should not drastically alter the environment of the dissociated ligand in the distal pocket. Consequently Hong et al. suggest diffusion of the ligand out of the pocket into the hydration shell but not all the way into the bulk solvent. This explanation is compatible with our model only if the migration process is not rate limiting to rebinding namely, it occurs after protein relaxation. However, we have found no solvent viscosity dependence of structural relaxation (e.g., of tm,,,) and internal ligand binding, whereas the ligand escape rates do scale nicely with the external viscosity (Leyser et al., manuscript in preparation). These findings suggest that structural relaxation and internal rebinding are not coupled to solvent controlled motions on the protein's surface.
Alternatively one could consider enhanced pocketstructure fluctuations once the deoxy state is reached. In this case, the similarity in the two timescales points, above all, to distal-proximal coupling. Indeed, comparison of the x-ray structures of liganded and unliganded hemes reveals structural changes on both sides of the heme (Perutz et al., 1987) . Both the proximal histidine (F8) and the distal histidine (E7) and valine (Eli) Protein relaxation at higher temperature
In Fig. 6 we show the beta-function for T > 2 are now two sets of maxima and minima, the e ing our "relaxation footprint." Fig. 7 Finally, consider the second set of maximum and minimum that appears at longer times, Fig. 6 . Let us denote these by t'ax and tm',, respectively. t'ax agrees with the onset of the solvent process as previously observed in SW-MbCO -2 -1 samples. For example, at 240K the solvent process begins around 0.1-1 ms (Steinbach et al. (1991) , Fig. 12 ). This is also the value of t'ax in the temperature range 230-250K, see Fig. 2 reflects the overall recombination, without discriminating between the major bound-state distributions A0,A1, and A3. These isomers differ in the angle which the CO bond assumes with respect to the heme normal in the bound state and gives rise to three CO-stretching bands. We cannot exclude that conformational relaxation depends on the initial state. In particular, substate A3 with the largest off-axis angle and peak activation enthalpy (Ansari et al., 1987) Following ligand dissociation at ambient temperatures, tertiary relaxation slows down ligand rebinding. The protein catalyzes ligand release by "closing the door" behind it. At later times it "opens the door" for escape into solution.
The role of protein conformational change in enzymatic activity has been discussed by simple models such as Koshland's "induced fit" model (Koshland and Neet, 1968) .
The wealth of data obtainable from heme protein measurements provides a rigorous testing ground for such ideas.
